Abstract Although effectiveness of photodynamic therapy (PDT) after application of 5-aminolevulinic acid ointment to oral mucosal lesions has been reported, a consensus regarding recontact time of ALA applied to a lesion has been unreached. Hence, we determined the contact time of ALA required for protoporphyrin IX (PpIX) production efficient for full-blown PDT reaction. ALA ointment was topically applied to healthy rabbits' tongues for different periods and then washed out. On the surface of the tongue, 10-min contact of ALA maximized the PpIX-derived fluorescence. PpIX yield in a tissue specimen with 10-min contact of ALA reached 73% of that in a tissue specimen with 240-min contact. Histological observation showed that PpIX accumulation predominated in the basal layer, and the PDT effects were confined in the mucosal epithelium regardless of contact time. These results suggest that 5-aminolevulinic-acid-ointment-mediated PDT with short contact of ALA is potentially applicable for treating tongue epithelial lesions.
Introduction
Oncotropic photosensitizers and photochemical reaction by excitation light are used in photodynamic therapy (PDT) [1] .
5-Aminolevulinic acid (ALA), which exists in the living body and is involved in heme biosynthesis, is a precursor of protoporphyrin IX (PpIX), which is sensitive to light. When excessively applied, ALA is metabolized in the heme biosynthesis pathway and accumulates as PpIX, and it can therefore be used as a photosensitizer. On the other hand, the remaining PpIX is rapidly metabolized, and the photosensitization state therefore cannot be maintained for a long period. Furthermore, ALA is known to be metabolized into PpIX even by topical application and so can be applied to superficial lesions on the body surface as well. Actually, there have been quite a few reports on its application to intraepithelial carcinoma of the skin.
As oral mucosal diseases are arisen in superficial layers of oral tissue, ALA topical application is preferably indicated for such diseases, and its effectiveness as ointment being clinically applied for oral leukoplakia has been reported [2] . However, when ALA is topically applied to an oral lesion, it might be washed away by saliva and movement of the tongue, and the irritation due to acid of the ALA probably promotes the washing. It is therefore generally difficult to keep the ointment in contact with an oral lesion for a few hours without being washed away by saliva, resulting in distress for the patient. Shortening of the contact time of the drug would considerably reduce the patient's stress and would enhance the effectiveness of PDT after ALA topical application for oral mucosal lesions. However, it is yet to be studied in detail how long topically applied ALA can remain in contact with the surface of a lesion without being washed away. Based on clinical experience, optimal contact time of ALA to a lesion is thought to be 2-4 h. The application of this period might be referred by a report that, after application of ALA to tissue, it takes 2-4 h to reach the peak PpIX level. However, the time required for metabolism into PpIX and the contact time of ALA to a topical lesion are different, and the correlation between them is baseless. In addition, even in the case of short contact time, if ALA remains in the topical lesion for a long time, there is a possibility that PpIX will be sufficiently produced. In fact, Leunig et al. [3] reported that patients who performed 15-min rinsing of the oral cavity with 0.4% ALA solution showed PpIX fluorescence in the normal epithelium and dysplastic epithelium.
To estimate the optimal contact time of ALA to an oral lesion, we topically applied ALA ointment to rabbit healthy lingual mucosa and analyzed the relationship between contact time of ALA and PpIX yield. We also examined whether the contact time influenced the PDT effect.
Materials and methods

Animals
This study was conducted using Japanese male white rabbits weighing about 3 kg that had been raised with water and solid feed in an air-conditioned animal facility, based on the animal experiment guidelines of Hamamatsu University School of Medicine.
Photosensitizer
The photosensitizer used for the present study was ALA hydrochloride (Cosmo Oil, Tokyo, Japan). To prepare 20% (w/w) ointment, 320 μl of distilled water (DW) and 80 mg of carboxymethyl cellulose (Sigma Chemical Co., St. Louis, MO, USA) were added to 100 mg of ALA.
Drug application
Ketamine hydrochloride was intramuscularly injected for general anesthesia. Then, 50 mg of the 20% ALA ointment was applied to a 10×10-mm area on the dorsal surface of a rabbit tongue. The drug-applied animals were continuously anesthetized for a given period of time (1-240 min) , and the applied ointment was then completely washed out with 20 ml of saline using a sponge (Inoue Attachment, Tokyo, Japan). After the washing, the treated animal was returned to the cage and was allowed to freely take water and feed after recovering from anesthesia.
Measurement of PpIX yield and evaluation of tissue localization
Measurement of PpIX level in the tissue specimens ALA ointment was left in contact for 5, 10, 30, or 240 min and then washed out with saline. Tissue was removed 240 min after the start of contact to measure PpIX level in the tissue. Animals in which ALA ointment was not applied were used as controls. The animal was killed by excessive deep anesthesia with pentobarbital. The region of the tongue to which the drug had been applied was punched using a tissue punch with a diameter of 5 mm, and tissue with a thickness of about 2 mm (about 30 mg) was removed as a specimen. The specimen was weighed and then homogenized with a potter-type homogenizer in DW for 2 min and then tetrahydrofuran (THF) solution (DW/THF= 1:1) was added to it (THF sol/tissue=15 ml/100 mg), and it was homogenized for another 2 min. To the resulting mixture, supersaturated sodium chloride was added to separate the water layer from the THF layer. The THF layer was then centrifuged (3,000 rpm, 5 min, 4°C). The supernatant was collected into a quartz cell, and the PpIXbased fluorescence was measured by a fluorospectrophotometer (F-4010, Hitachi, Tokyo, Japan) and analyzed. The excitation light was at 405 nm, and the emitted light was detected over the range from 600 to 700 nm, and the peak value at around 630 nm was taken as fluorescence intensity of PpIX.
Measurement of PpIX level on the tongue surface
ALA ointment was applied to the tongues of another group of animals for 1, 5, 10, 30, or 240 min and then washed out with saline. The PpIX level on the tongue surface was measured 240 min after the application of ALA ointment using a fiber probe spectrofluorometer (PMA-11, Hamamatsu Photonics, Hamamatsu, Japan). Animals in which ALA ointment was not applied were used as controls. Light at 405 nm emitted from a semiconductor laser (DPS-5001, NEO ARK, Tokyo, Japan) was guided to the fiber, and the tip of the fiber probe was brought into contact with the surface of the lingual mucosa to excite PpIX (exposure time, 19 ms). The emitted fluorescence was detected through a fiber sharing the same axis. Within the resulting fluorescence spectra, ranging from 400 to 800 nm, the peak value, at around 630 nm, was taken as fluorescence intensity of PpIX.
Evaluation of the tissue localization of PpIX
The tongues to which ALA ointment had been applied were observed under a fluorescence microscope to study localization of produced PpIX in tongue tissue. ALA ointment was applied to tongues for 10 or 240 min and then washed out with saline. The animals were killed by excessive deep anesthesia with pentobarbital 240 min after application of ALA ointment to collect specimens. Each sampled tongue was embedded in an optimum cutting temperature compound and rapidly frozen with liquid nitrogen, and serial sections with a thickness of 20 μm were prepared using a cryostat. One of two serial sections was observed by a fluorescence microscope (Arugas/HiSCA, Hamamatsu Photonics), and the other was stained with hematoxylin and eosin (HE) and observed by a microscope to study the accumulation and localization of PpIX. Fluorescent images were visualized using a filter block consisting of a filter for excitation (405 nm) and a filter for emission (>450 nm).
Effect of PDT
After application of ALA ointment, the tissue was exposed to light, and then the PDT effect was evaluated. The ALA ointment was applied to tongues for 10 or 240 min and then washed out with saline, and PDT was performed 240 min after the initiation of contact with the ALA ointment. As the light source for PDT, a semiconductor laser with a 635-mm oscillation wavelength (OSL-PDT635, Osada Research Institute, Tokyo, Japan) was used, so the spot diameter was set to 5 mm [4] . The light intensity and dose were 100 mW/cm 2 and 100 J/cm 2 , respectively. Three days after exposure, the treated animals were euthanized with pentobarbital, and samples were taken and fixed in 20% formalin solution. After being paraffin embedded, sections of 5 μm in thickness were prepared and then stained with HE and observed under a microscope.
Results
Measurement of PpIX levels in tissue specimens
The PpIX levels in the homogenized tissues are shown in Fig. 1 . PpIX was found to be produced even only 5 min after application of ALA ointment. The tissue PpIX level, when ALA ointment was left in contact for 10 min, reached 73% of the level when ALA ointment was left in contact for 240 min. Only trace levels of PpIX were seen in animals in which ALA ointment was not applied (control).
Measurement of PpIX level on the tongue surface
The PpIX levels on tongue surfaces are shown in Fig. 2 . The level reached the maximum 10 min after the application of ALA. The contact time is positively correlated with the PpIX level on the tongue surface up to 10 min after application of ALA. However, when ALA was kept in contact for 10 min or longer, the longer ALA was kept in contact with the tongue surface the less was the amount of PpIX produced on the tongue surface. Only trace levels of PpIX were seen on the surfaces of tongues of animals in which ALA ointment was not applied (controls). Evaluation of tissue localization of PpIX
The PpIX distribution was histopathologically observed with a fluorescence microscope (Fig. 3) . PpIX-based fluorescence was found from the basal layer to the superficial layer but particularly in the basal layer. In the deeper tissues, fluorescence was hardly seen. This distribution modality showed no relationship with contact time of the ALA ointment and showed no obvious difference in the groups of 10-min contact time and 240-min contact time. Furthermore, their fluorescence intensities were approximately equal. PpIXbased fluorescence was not seen in the animals in which ALA ointment were not applied (controls; data not shown).
Effect of PDT
Visual and histopathological observations 3 days after laser exposure are shown in Fig. 4 . No significant difference was found between the effects of PDT in the samples treated with topical administration of ALA for 10 and 240 min. In both groups, mild edema was observed immediately after laser exposure on the area to which ALA ointment had been applied. Deficit of mucosal epithelium on the exposed site surrounded by a reddening area was observed 3 days after exposure. In addition, infiltration of inflammatory cells from the tongue surface to the basal layer was seen. However, no significant destruction of tissue on the lamina propria of the mucous membrane was seen in either group. The deficit depth of the mucosal epithelium was 0.5-0.8 mm from the tongue surface in both groups.
Discussion
This study showed that the amount of PpIX produced when the ALA was kept in contact with the lingual mucosa for 10 min was the same as that after contact for 240 min. Additionally, in relation to the tissue distribution, the produced PpIX was found to accumulate mainly in the basal layer regardless of contact time. In addition, the PDT effect seen in the tongues treated for 10 min was almost the same as that in tongues treated for 240 min. These results suggest that PpIX is sufficiently produced in the superficial layer of the tongue even when the ALA ointment contact time is short. ALA is a precursor of porphyrin in the heme biosynthesis pathway and has no photosensitivity per se. When an excessive amount of exogenous ALA is given, it exceeds the metabolic capacity of ferrochelatase, which is an enzyme, converting PpIX into heme, and PpIX, which is an intermediate product in the heme biosynthesis pathway, accumulates in the cells. When PpIX is irradiated with a light at a specific absorption wavelength (630 nm), PpIX is excited, providing energy to oxygen molecules in the tissues to generate reactive oxygen species, resulting in damage to diseased tissues [5] .
Intravenous administrations, oral administration, and topical application have been reported as routes of ALA administration, and the most appropriate route can be selected according to the lesion. In relation to oral lesions, in 1993, Grant et al. [6] reported that four patients with oral cancer were internally dosed with ALA and subsequently received PDT and that the treatment was effective in three cases. In relation to topical application, Kubler et al. [2] reported that patients with leukoplakia, a premalignant disease, were treated with ALA cream prepared using a base material with good retention once every 30 min for a total of 2 h and subsequently treated with PDT. Furthermore, others have reported trials of ALA topical application [7, 8] , but a protocol for topical application has not yet been established.
It takes a certain period of time after application of ALA before PpIX is produced. Loh et al. [9] reported that accumulation of PpIX reached a peak in gastric, colonic, and bladder mucosa 4 h after oral administration of ALA to rats. Chen et al. [7] reported that PpIX accumulation reached a peak in patients with oral leukoplakia who has been treated with a 20% ALA gel 1.5-2 h after administration. Although the transition time of PpIX accumulation after topical application of ALA has been reported, the correlation between retention time of the ALA drug and PpIX accumulation has not been studied. In this study, measurements of PpIX-derived fluorescence in the tongue tissues and tongue surface indicated that the amount of PpIX produced after about 10 min of contact was the same as that after contact for 240 min. We presume that the reason for this is that, unlike skin, mucosa has no barrier of Fig. 4 Macroscopic and histopathological observations 3 days after ALA-O-PDT. a ALA contact for 10 min. b ALA contact for 240 min. c Laser irradiation only. Left, macroscopic observation; right histopathological observation (HE stain). Findings similar to those in this figure were seen in two other experiments the cornified layer, so ALA penetrates into tissues at an early stage [10, 11, 12] ; even after the remaining drug is mechanically washed out, ALA remaining in the tissues is metabolized to produce PpIX. These results suggest that ALA application to a lesion in oral mucosa may be effective without lengthy efforts to prevent the ointment from being washed away by saliva.
Only normal tissue was used in the present study, which could pose some major limitations on the outcomes described as PpIX accumulation in oral lesions may be different from that in normal oral tissues. However, the amount of PpIX that accumulates in malignant mucosa might be similar to the amount that accumulates in normal mucosa as Leunig et al. [3] reported that there was no significant difference between the intensity of PpIX fluorescence in malignant mucosa and that in normal mucosa. Moreover, PpIX accumulation in an oral lesion might be greater than that in normal tissues considering the study by Ebihara et al. [13] in which the lowest fluorescence intensity was seen in healthy oral tissues and the fluorescence intensity in severe dysplasia and carcinoma tissues was significantly higher than that in other tissues when ALA-O was applied. Results of these studies indicate the potential effectiveness of 5-aminolevulinic-acid-ointment-mediated PDT (ALA-O-PDT) with short contact of ALA for malignant lesions, although further detailed investigation of ALA accumulation in oral lesions is required.
ALA-O-PDT for premalignant lesions and cancer in the human oral cavity was reported to be effective at a depth of 0.1-1.3 mm from the superficial layer of a lesion [14] . This study showed that PpIX was produced by topical application of ALA, mainly in the basal layer (thickness, 0.5-0.8 mm), and these results were supported by the results of a PDT experiment: PDT effect of ALA-O-PDT was seen in the whole depth of the mucosal epithelium. This suggests that ALA-O-PDT may be more effective for lesions that are limited to the mucosal epithelial layer. The high PpIX yield in the basal layer seems to be due to permeability of the tissues for the drug, but vigorous metabolic activity of the basal layer may be involved.
The absolute amount of tissue PpIX required for fullblown PDT has yet to be determined; however, the results of this study suggest that ALA-O-PDT with short contact of ALA is potentially applicable for treating tongue epithelial lesions.
